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I. INTRODUCTION
Atmospheric pressure glow discharges ͑APGDs͒ offer a vacuumless route to many material processing applications such as etching, deposition, surface modification, and sterilization. [1] [2] [3] [4] [5] [6] [7] These highly collisional plasmas share some important similarities with the classical low-pressure glow discharge. For example the spatial appearance of APGD is characteristically diffuse and free of streamers, 2 and their gas temperature can be reduced to near room temperature. 7 The electron density of APGD lies between 10 9 and 10 13 cm
Ϫ3
and their mean electron energy falls into the 1-10 eV range. 1, 2 These desirable plasma properties make APGD an attractive alternative to vacuum plasmas that have been widely used in semiconductor fabrication and other material processing applications.
Atmospheric pressure glow discharges are typically capacitive plasmas generated at frequencies that span a very broad spectrum from dc, 8 the mains frequency, 9 audio frequencies ͑1-100 kHz͒, 3, 5, 6 radio frequencies ͑rf͒, 1,4 and microwave frequencies. 10, 11 APGD generated at different frequencies have their specific properties and in general it is difficult to generalize their relative merits. From a practical standpoint, rf APGDs are attractive because of their low breakdown voltage. 12 Over the past 3 years some of their plasma properties have been investigated including emission spectrum, 13, 14 vibrational and rotational temperature, 12, 15, 16 densities of excited species, 17 and charged particles, 18 and plasma dynamics. 12, 19 Yet many more aspects of their fundamental characteristics remain to be unraveled, observed and characterized before a full understanding is achieved.
One important issue is operative modes of rf APGD and the range of these modes. The current understanding is that rf APGD are operative only in a so-called ␣ mode beyond which they evolve into high-temperature arcs. 13 This has significant implications on the range and practicality of rf APGD since arcs are not very useful for surface modifications. In this paper we report, for the first time, experimental observation of two additional modes of rf APGD, namely the normal glow mode and the recovery mode. Our study suggests that similar to the ␣ mode these two additional modes have a diffuse and uniform appearance with the ionized gas at near room temperature and that the ␣ mode, hitherto considered as the only rf APGD mode, is essentially an abnormal glow mode. So rf APGD have a much wider operation range than previously believed [12] [13] [14] [15] [16] [17] [18] [19] [20] and this greater operation range allows rf APGD to be flexibly operated for many applications. To provide further insights into these three modes, we study their mode transition mechanism also. In particular the transition from the abnormal glow mode to the recovery mode is attributed to sheath breakdown, a phenomenon that is known for low-and moderate-pressure rf glow discharges 21 yet has not been observed for atmospheric presa͒ Author to whom correspondence should be addressed; electronic mail: m.g.kong@lboro.ac.uk sure rf glow discharges. The key contributions of this work are the first observation of the normal glow mode and the recovery mode in rf APGD, and the first observation of sheath breakdown in rf APGD. Our objective is to report relevant observations and then provide plausible explanation to further the current understanding. This work will form a valuable starting point for many future studies that are necessary in order to fully characterize all three modes and their mode transition mechanism. The paper is organized as follows. In Sec. II the plasma apparatus is described and main experimental data presented. Then these data are analyzed to show the presence of the three plasma modes. Section III focuses on mode transition mechanism with a simple theory of sheath breakdown. Finally key conclusions are summarized in Sec. IV.
II. EXPERIMENTAL EVIDENCE OF THE THREE MODES

A. Experimental setup
In our rf APGD system, the electrode unit consists of one stainless steel plate of 5ϫ10 cm 2 as the powered electrode and a stainless steel rod of 4 mm diameter as the grounded electrode. The gap distance between the rod electrode and the plate electrode varies between 1 and 5 mm and is nominally 4 mm. The rod electrode is employed to contrast impedance matching against that of a circular disk electrode. As shown in Fig. 1 , the electrode unit is enclosed in a Perspex box to minimize the environmental interference and to maximize the control over the background gas. Although not airtight, this box has only two openings namely the gas inlet and the gas outlet. The working gas was helium ͑99.9995% pure͒, fed from the gas inlet at a high flow rate. Before the rf power was switched on, the gas flow was left to persist for several minutes to ensure the majority of air originally contained within the rig was flushed out and replaced with helium. While an airtight rig may facilitate a more quantitative analysis, the rig in Fig. 1 was sufficient for the intended study of possible operative modes of rf APGD. The rf power was coupled to the plasma rig from a 3 kW rf source at 13.56 MHz ͑RF30S, Advanced Energy͒ via an impedance matching network ͑AZX10, Advanced Energy͒. Electrical measurements were made using a rf sensor system ͑Z-scan, Advanced Energy͒, through which voltage, current, current-voltage phase angle, plasma power, and plasma impedance were measured at 13.56 MHz and its first three harmonics.
B. Visual appearance of the discharge
As the rf power was switched on and the matching impedance suitably set, a pale-purple glow was initially generated in the interelectrode gap and its visual appearance was very similar to that of the normal glow discharge generated at low pressures ͑e.g., milli-Torr͒. 21 It filled the entire interelectrode space thus assuming the shape of a cylinder as shown in Fig. 2͑a͒ . It had a layered structure with a bright glow near electrodes and a comparatively dark space in the middle of the interelectrode space. This represents the normal glow mode of rf APGD. Under our experimental conditions, this pale glow was sustained with a rf power input less than 0.2 W or equivalently 4 W/cm 3 . The observation of the normal glow mode has not been reported before for rf APGD.
With increasing rf power, the pale glow evolved into a brighter and radially shrunken plasma channel initially covering only a small area of the rod electrode surface and often moving around. This is illustrated in Fig. 2͑b͒ and it indicates a transition from the normal glow mode to a different mode that consumed noticeably more rf power. Sometimes this transient plasma appeared first as one or two bright spots on the surface of the rod electrode without visual evidence of it connecting to the plate electrode, before an increase in rf power input elongated it to bridge the interelectrode gap as a moving but sustained plasma channel. As the rf power was increased further, the transient plasma channel then quickly spread the whole surface of the rod electrode and filled the entire interelectrode space so again assuming the shape of a cylinder. At this stage, the plasma was a bright white/purple glow with apparent uniformity throughout its volume. The layered structure of the normal glow mode now became blurred though there was a very thin and comparatively dark layer near the electrode surfaces. With the rf power raised still further, this bright plasma spread upwards along the rod electrode as shown in Fig. 2͑c͒ and the plasma diameter grew from 4 to up to 8 mm approximately twice as large as the rod diameter. The phase from the initial thin plasma channel to the radially expanded glow represents the abnormal glow mode, also known as the ␣ mode. 13 When the input rf power was raised above a critical level, the abnormal glow discharge underwent an abrupt 
FIG. 2.
Typical spatial appearance of the generated rf atmospheric glow discharge between the top rod electrode and the bottom plate electrode with ͑a͒ the normal glow mode; ͑b͒ the transition phase between the normal and abnormal mode; ͑c͒ the abnormal glow mode when the plasma encloses part of the rod electrode; and ͑d͒ the recovery mode. change and then evolved into an intensified white/orange and shrunk plasma column as illustrated in Fig. 2͑d͒ . Occasionally this abrupt change can lead to collapse and extinction of the plasma. As it will be elaborated further in the next section, this abrupt change is a result of breakdown of electrode sheath and the initially intensified plasma represents an early stage of its recovery mode following the breakdown. Importantly the discharge plasma in the recovery mode was also spatially uniform and free of streamers. With reduced power input, the diameter of the shrunken plasma cylinder increased to 4 mm after which it returned to its abnormal glow mode of white/purple appearance. Though the gas temperature was higher than room temperature, probably above 100°C, a 1 min operation in the recovery mode did not leave any obvious damage mark on the surface of the bottom electrode nor heat it up markedly. It is estimated that the gas temperature in the recovery mode was no more than 150°C in our experiment. Given its spatial uniformity and moderate gas temperature, rf APGD in their recovery mode will be useful for uniform surface modification. This is significant as it contrasts the current understanding that the breakdown of the abnormal mode would lead to arcing and the end of the useful range of rf APGD. Figure 3 shows the voltage and current wave forms at four power input levels ͑0.3, 4.7, 167, and 123 W͒ that, respectively, represent a point shortly after the beginning of the abnormal glow mode ͓Fig. 3͑a͔͒, just before ͓Fig. 3͑b͔͒, and shortly after the sheath breakdown ͓Fig. 3͑c͔͒, and at the midway in the recovery mode. These power readings have a tolerance of Ͻ10%. With a plasma volume of 0.05 cm 3 they correspond to power density at 6, 94, 3344, and 2443 W/cm 3 , respectively. The power source used was rated at 3 kW and between 0 and 1 W its power output fluctuated too much for measuring reliably the current and voltage in the normal glow mode.
13
C. Voltage and current wave forms
In all cases shown in Fig. 3 , the voltage and current wave forms are predominately sinusoidal. Analysis of their frequency contents suggests that the greatest harmonic content occurred immediately before the sheath breakdown ͓see Fig. 3͑c͔͒ when the voltage amplitude at the third harmonic reached 3% of that at the fundamental. The current-voltage phase angle is less than 90°C and becomes smaller in Figs. 3͑c͒ and 3͑d͒, indicating that the plasma became more resistive after the breakdown. However the phase angle was always above 20°and never zero. So there was always a significant capacitive element in the rf plasma generated in our experiment. These observations suggest that the rf APGD is unlikely to be arc plasma in any of its three modes since arc plasmas are more resistive and their current wave form deviates significantly from sinusoidal.
The peak discharge voltage increases from 155 V ͓Fig. 3͑a͔͒, through 714 V ͓Fig. 3͑b͔͒ and 309 V ͓Fig. 3͑c͔͒, and to 287 ͓Fig. 3͑d͔͒, whereas the peak discharge current changes from 0.15 A in Fig. 3͑a͒ , to 0.69 A in Fig. 3͑b͒, 1. 19 A in Fig.  3͑c͒ , and 0.96 A in Fig. 3͑d͒ . So the sheath breakdown was associated simultaneously with a voltage halving ͑714/ 309Ϸ2͒ and a current doubling ͑1.19/0.69Ϸ2͒. The spaceaveraged peak electric field varies from 387 to 1785 V/cm. As the plasma diameter varies, it is more difficult to evaluate the current density. However immediately before sheath
Voltage ͑solid curve͒ and current ͑dotted curve͒ wave forms ͑a͒ near the beginning of the abnormal glow mode; ͑b͒ immediately before its sheath breakdown; ͑c͒ shortly after the breakdown; and ͑d͒ during recovery from the breakdown and halfway to the initial abnormal glow mode.
breakdown, the plasma diameter was approximately 8 mm suggesting a cross-sectional area of 0.50 cm 2 . So the peak current density immediately before sheath breakdown is 1.37 A/cm 2 . Figure 4 shows the rms voltage as a function of the rms discharge current. The rising phase from A to D is very similar to that of abnormal glow discharges at low pressures 21 and for this reason the discharge plasma in this phase is considered to be in the abnormal glow mode. The rising V -I characteristic is also typical of that of most reported rf APGD experiments. [12] [13] [14] [15] [16] [17] [18] [19] [20] This abnormal glow phase ended at point D at which sheath breakdown was triggered and the breakdown event lasted from D to F. During this transition period, the plasma underwent a voltage reduction of 43% and a current increment of 72%. If multiple sheath breakdowns were allowed to occur in succession, via a recovery phase between two adjacent breakdowns, later breakdown events could result in current reduction rather than current increment. However as long as the experiment was performed with cold electrodes and cold background gas, current increment was always observed during sheath breakdown events. Similar breakdown observed in a comparable experiment 13 was found to result in a current reduction rather than current increment observed in our experiment. This may be due to different impedance matching conditions between the rf APGD and the power source.
D. Current-voltage characteristics
After the sheath breakdown and with reduced power input, the rf APGD entered into its recovery mode evolving from point F to point B with the gap voltage relatively unchanged in Fig. 4 . Then it left its recovery mode when the current-voltage curve joined, at point B, the initial curve of the abnormal glow mode ͑e.g., ABCD in Fig. 4͒ . After the plasma returned to its abnormal glow mode and with increasing power input, it evolved briefly on the initial abnormal glow curve till point C, after which its V -I curve departed from the initial curve and reached point H when the plasma underwent another sheath breakdown. Thus the currentvoltage characteristic shows a hysteretic behavior. Such hysteresis has not been reported before for rf APGD although it is known for glow discharges at moderate pressures ͑10-200 Torr͒. 22 Subsequently from point G onwards the plasma recovery from the second sheath breakdown follows roughly its recovery route from the first breakdown. Therefore the rf APGD evolves from the abnormal glow mode, through the recovery mode, then back to the abnormal glow mode. Often this evolution process automatically repeated itself with certain initial power settings. It should be mentioned that voltage and current wave forms at point A, D, F, and G are shown, respectively, in Figs. 3͑a͒, 3͑b͒, 3͑c͒ , and 3͑d͒.
E. Plasma power and plasma impedance
Plasma power and the current-voltage phase angle are shown as a function of the discharge current in Fig. 5 where  points A, B,. ..H correspond to that in dissipated power (D→E) and then a comparatively small adjustment (E→F). After this the plasma power reduces almost linearly as a function of current and its reduction rate is much slower than the rise rate of the power surge during sheath breakdown. This linear power reduction is typical of the recovery mode. Then a brief stay in the abnormal glow mode with a rising current leads to a second sheath breakdown at point C of I rms ϭ0.29 A and Pϭ4.7 W. The power jump of the second breakdown from point C to point G is 125 W, less significant than 167-4.7Ϸ162 W of the first one, and I rms reached this time is 0.68 A at point G. Interestingly point G is at the same I rms as point E, both of which precede a recovery mode.
The current-voltage phase angle is shown in Fig. 5͑b͒ and it follows a similar pattern to that of the dissipated rf power. The phase angle is 87°at point D and 25°at point F, suggesting that the plasma evolved from being predominately capacitive to predominately resistive. To confirm this, the resistance and reactance of the plasma were measured as a function of I rms . In Fig. 6͑a͒ , plasma resistance jumps from 20 to 347 ⍀ before falling to 244 ⍀ during the first sheath breakdown (D→F). During this short transition period, the plasma reactance decreases from 1029 to 117 ⍀. So the plasma has evolved from being initially predominantly capacitive to predominantly resistive. In short, sheath breakdown is accompanied by a huge surge in dissipated power ͑e.g., 35 times͒ and plasma resistance, and a large reduction in the current-voltage phase angle and plasma reactance.
III. MODE TRANSITION MECHANISM
We have established that the transition from the abnormal glow mode to the recovery mode is accompanied by significant changes in key electrical parameters. For example the gas voltage is more than halved, the discharge current almost doubled, the current-voltage angle reduced from 87°t o 25°, and the dissipated rf power increased by 35 times. As hypothesized above, this mode transition is caused by sheath breakdown that occurs when the voltage across an electrode sheath exceeds the breakdown voltage of a gas gap of the same size as the sheath thickness. Sheath breakdown is known for low-and moderate-pressure glow discharges 21 but has yet to be reported for rf APGD. Here we develop first a circuit model of rf APGD and then a sheath breakdown model.
A. A circuit model of rf APGD
The plasma may be modeled as two capacitors, each representing one of the two electrode sheaths, in series with a resistor representing the positive column that is likely to be electrically neutral and dominated by conduction current. This is illustrated in Fig. 7 and similar to the circuit model used for moderate-pressure glow discharges. 21 Data of plasma reactance measurements in Fig. 6͑b͒ are used to calculate the total capacitance. Given that the reactance X ϭX 1 ϩX 2 ϭ1/C and Cϭ⑀A/d s , the total sheath thickness is
where r p is the radius of the plasma column. Although the electrode sheaths oscillate sinusoidally and sheath thickness at each electrode varies with time, the total thickness of the two electrode sheaths is constant at a given rms voltage and rms current. 21 Visual inspection of the rf APGD indicated r p ϳ4 mm before sheath breakdown occurred and at this point the plasma reactance was 1029 ⍀. So the sheath thick- ness is 38.8 m according to Eq. ͑1͒. At point F after the breakdown, plasma reactance is 117 ⍀ and this leads to a reduced sheath thickness of 4.4 m at r p ϭ4 mm. The reduction in sheath thickness by roughly 1 order of magnitude is very similar to that in moderate-pressure glow discharges during sheath breakdown. 21 This suggests strongly that sheath breakdown is responsible for the transition from the abnormal glow mode and the recovery mode.
The recovery from the sheath breakdown is associated with initially a gradual increase in plasma resistance and a faster increase in plasma reactance. The increase in plasma resistance is due to reduced plasma conductivity as the current reduction in the recovery mode relates to reduced ionization level ͑hence reduced electron density͒. On the other hand, the increase in plasma reactance is a result of a physical expansion of electrode sheath according to Eq. ͑1͒. Eventually the plasma reactance becomes 1029 ⍀ at point B and so the electrode sheath returns to the level before its breakdown. In other words the recovery phase of the plasma is characterized with electrode sheath relaxation from d s ϭ4.4 m to d s ϭ38.8 m and a reduction in plasma conductivity.
In addition to evaluation of sheath thickness from plasma reactance data, the circuit model of rf APGD in Fig.  7 is useful for understanding relevant scaling up issues. When a disk electrode of 2 cm in diameter replaced the rod electrode for producing a larger volume APGD, we found that the matching network needed to be adjusted considerably before APGD can be generated. Since the disk electrode has a greater surface area, its electrode sheath has a smaller reactance (Xϭ1/Cϳ1/A) and so the plasma rig now needs different impedance matching. Once a suitable impedance matching was achieved between the rig and the power source, stable rf APGD of larger volume was produced. With the impedance matching network used in our experiment, the largest viable disk electrode had a diameter of 3 cm. Furthermore we found that impedance matching impacted significantly on the stability of rf APGD. For example with appropriate impedance matching and initial rf power input, it was possible for rf APGD to remain in the abnormal glow mode for more than 3 h continuously without experiencing any sheath breakdown. Therefore impedance matching is an important issue in scaling up rf APGD.
B. A simple model of electrode sheath
Under the influence of the applied rf power, the electrons oscillate between the two electrodes against a largely stationary ionic background and their drift towards one electrode exposes an ion-dominant region near the surface of the other electrode. This ion region is then used to model the electrode sheaths. Although this sheath model may overly simplify certain aspects of sheath behaviors, it has been used successfully to explain sheath breakdown for low-and moderatepressure rf glow discharges. 21 Therefore it is used here as a first step to understand the transition from the abnormal glow mode to the recovery mode in rf APGD.
We assume that the applied electric field is E(t) ϭE a sin tϭ(V a /L)sin t. Here V a is the applied rf voltage across the electrode gap, L is the interelectrode gap, and is the radian frequency of the rf excitation. With the above sheath model, the rf oscillation of electrons is driven by the externally applied rf voltage and the amplitude of the rf oscillation is 21
where m ϭe/m e is the collision frequency and p the plasma frequency given by p ϭͱe 2 n e /⑀ 0 mϭ5.65ϫ10
Here n e is the electron density spatially averaged across the interelectrode gap. Figs. 4 -6, the peak gap voltage was 713.9 V, thus when spatially averaged the peak electric field was E a ϭ713.9/0.4 ϭ1784.8 V/cm. The breakdown of the electrode sheaths occurs when the rf oscillation of the electrons just bridges the sheath thickness, e.g., when x m ϭ0.5d s . 21 Under our experimental conditions, the total sheath thickness immediately before their breakdown was estimated at d s ϭ38.8 m from plasma reactance data. Thus with x m ϭd s /2ϭ19.4 m and E a ϭ1.78 kV/cm, Eqs. ͑2͒ and ͑3͒ can be used to estimate the critical electron density at which sheath breakdown occurs ͑e.g., point D in Figs. 4 21, 23 and so n es is a fraction of n c . According to a recent theory for dc APGD, 23 typically f e ϭn es /n e ϭ0.25-1 depending on sheath thickness. As a rough illustration of the relevant order of magnitude, we assume f e ϭ0.5. By equating Eqs. ͑8͒-͑9͒ the critical electron density immediately before the sheath breakdown ͑e.g., point D in Figs. 4 -6͒ can be obtained as
By substituting different values of x m into Eqs. ͑4͒ and ͑10͒, one can find a unique x m value at which the critical electron density evaluated from Eq. ͑4͒ and that from Eq. ͑10͒ becomes identical. For our experiments and at f e ϭ0.5 and ␥ϭ0.01, we find that this value of rf oscillation is x m ϭ30.85 m. This should be compared to d s /2ϭ19.40 m extrapolated from plasma reactance data. While these two figures are within 1 order of magnitude, we note from Eq. ͑1͒ that the ratio d s /r p 2 is fixed at a given plasma reactance. Suppose the plasma radius was not 4 but 5 mm, the value of rf oscillation x m ϭd s /2 extrapolated from measured plasma reactance would be 30.31 m, much closer to the theoretical value of x m ϭ30.85 m. Given that an error of 1 mm was probable in our visual determination of the plasma radius around 4 mm, the agreement between the theoretical prediction of x m ϭ30.85 m and the experimental data of x m ϭ19.40 m is in fact excellent. At x m ϭ30.85 m, the critical electron density is 2.06ϫ10 13 cm Ϫ3 according to Eq. ͑10͒ and also to Eq. ͑4͒.
Given that the sheath breakdown is predominately electrostatic in nature, the cathode fall theory recently developed for dc APGD 23 can be used to relate the electron density to the current density. Similar to moderate-pressure glow discharges, the electron density of APGD is approximately proportional to the current density in a linear fashion 23 and Fig.  8 shows their relationship for helium according to the cathode fall theory of dc APGD. 23 For n e ϭ2.06ϫ10 13 cm Ϫ3 , the corresponding current density is 2.3 A/cm 2 . From our earlier discussion in Sec. II C, the current density is 1.37 A/cm 2 immediately before sheath breakdown. This agrees favorably with the theoretical prediction of 2.3 A/cm 2 . Therefore sheath breakdown is indeed responsible for the transition from the abnormal glow mode to the recovery mode.
IV. CONCLUSION
rf APGD have in the past been known to be operative only in the abnormal glow mode beyond which they would evolve into arc plasmas that are much less useful for a wide range of applications. This work demonstrates the presence of two additional modes, namely the normal glow mode and the recovery mode. Experimental data are used to show that rf APGD in all three modes are spatially uniform with their gas temperature sufficient low for many surface treatment applications. So rf APGD have a much wider operation range than previously believed. In addition, the dynamic evolution of rf APGD is characterized experimentally from the abnormal glow mode, through sheath breakdown, to the recovery mode, and finally back to the abnormal mode. Under certain impedance matching conditions, this evolution process can repeat itself automatically. Yet our experiment shows that under different impedance matching conditions rf APGD can remain in the abnormal mode continually for several hours without experiencing any sheath breakdown. Impedance matching is also found to be important for scaling up rf APGD. To provide further insight into plasma dynamics evolving through the three modes, sheath breakdown is proposed as the mechanism for mode transition. A simple model of electrode sheath breakdown is developed and its prediction is found to agree well with experimental data. So sheath breakdown is indeed responsible for the transition from the abnormal glow mode to the recovery mode. These findings are important additions to the current understanding of rf APGD.
